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. sented. The reflectors may be center-fed or offset-fed. The method leads to rolled edges with minimal surface discontinuities. It is shown that the reflectors designed using the prescribed method can be defined analytically using simple expressions. A procedure to obtain optimum rolled edges parameter is also presented. The procedure leads to blended rolled edges that minimize the diffracted fields emanating from the junction between the paraboloid and the rolled edge surface while eatisfying certain constraints regarding the reflector size and the minimum operating frequency of the system. A compact range is an electromagnetic system used to simulate the plane wave. In a compact range, a paraboloid is normally used as the main reflector which converts the spherical wavefront of a point source located at the focal point of the paraboloid into a planar wavefront. However, since a finite size reflector is used in a compact range, there are diffracted fields which emanate from the rim of the reflector. These diffracted fields distort the planar wavefront and lead to erroneous measurements. In order to reduce the diffracted fields, various edge terminations have been investigated such as absorber material [l] , serrated edges [2, 3] , shaped reflectors [4] and rolled edges [5] . Among these approaches, rolled edge terminations can provide the lowest diffracted fields for a given size reflector. Using the rolled edge concept, an elliptical or some similar convex surface is added to the paraboloid along its rim such that the surface is smooth and continuous.
The addition of the rolled edge reduces the magnitude of the discontinuity in the specular reflected field as the specular point moves from the parabola onto the rolled edge. This in turn reduces the edge diffracted fields coming from the termination of the parabola. Also, since the specular reflection from the rolled edge is directed away from the potential target zone, it does not distort the planar wave front.
_.
The original elliptical rolled edge [5] had a large discontinuity in the 1 reflected fields across the junction between the parabola and the rolled edge. This discontinuity resulted from the fact that the radius of curvature of a compact range reflector with a simple rolled edge is discontinuous at the junction between the paraboloid and the rolled edge. To decrease the discontinuity in the radius of curvature, one can increase the semi-major axis of the ellipse (a,) and/or decrease the semi-major axis of the ellipse (be). An increase in a,, will, however, make the rolled edge too large; while, a decrease in be will make the rolled edge termination look like a knife edge, especially at low frequencies, which is undesirable. Thus, a, and tr, should be chosen such that the total height of the reflector is within a specified limit and the minimum radius of curvature of the rolled edge is at least one fourth of a wavelength at the lowest frequency of operation. This choice of a, and be will satisfy the design constraints but may lead to diffracted fields (from junction between the rolled edge and the paraboloid) which are too large for certain applications.
Recently, Burnside et al. [6] introduced the concept of blended rolled edges, which further reduces the diffracted fields. In a blended rolled edge, a part of the elliptical rolled edge is blended with an extension of the parabola to form the rol9e-d edge. The blending is done such that the rolled edge looks like the parabola near the junction and like the ellipse at the other end. Pistorius [7] showed that with a blended rolled edge one can make the radius of curvature and a certain number of its derivatives continuous across the junction, which in turn leads to very small diffracted fields.
Again, one should choose the blended rolled edge parameters such that the .. design constraints of the maximum total height and the minimum radius of curvature are met. It can be shown that in the case of a blended rolled edge there is infinite sets of parameters which satisfy these design constraints.
One would normally like to choose the values which minimize the diffracted fields. In this paper, a method to find the optimum rolled edge parameters is given. The method is applicable to arbitrary rim shape reflectors which may be center-fed (the center of the reflector is on the axis of the paraboloid) or offset-fed. The design procedure leads to a reflector which is smooth and continuous and satisfies the constraints regarding the reflector size and the minimum radius of curvature. Using the design procedure, blended rolled edge for an offset-fed concave edge (81 reflector is designed. The performance of the reflector in terms of the scattered fields in the target zone is also presented.
The rest of the paper is organized as follows. In section 11, the concept of blended rolled edges as applied to two dimensional reflectors is presented. In section 111, a method to select rolled edge parameters for two dimensional systems is discussed. In section IV, the rolled edge plane for three-dimensional reflectors in defined and analytic expressions for the whole reflector surface (including blended rolled edges) are given. Section V contains a design example. Finally, section VI contains a summary and general conclusions. 
BLENDED ROLLED EDGE CONCEPT
Let a parabola of focal length F be defined in the (PZ) plane as shown 
YP3 =
Note the ite is the tangent to the parabola at the junction point, and $, is the outward normal to the parabola at the junction point. Using Equations 
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where a, is the semi-major axis of the ellipse, be is the semi-minor axis of the ellipse and y is a parametric angle such that 0 5 7 5 ^fin. Note that rrn defines how much of the ellipse is used as the rolled edge. Normally 105" 5 'yrn 5 180". It is obvious that the choice of -yrn does not affect a, and be. In the ( p , z ) coordinate system, the coordinates of the elliptical rolled edge are given by Note that the total surface is given in two parts. For p 5 p j , the surface is a parabola as defined in Equation (1) while for p > p i , the surface is given by Equations (11) and (12) as function of the parametric angle, y. One can show the surface defined by (1) and (11) and (12) has a discontinuity in the radius of curvature at the junction point ( p j , z j ) . This discontinuity can lead to significant diffracted fields whose magnitude may be too large for certain applications. To reduce the diffracted field level, one may want to use a blended rolled edge. A blended rolled edge as shown in Figure   3 , is generated by blending the elliptical rolled edge with an extension of the paraboloid. The equation of the blended rolled edge [7, 8] in the ( p , z ) coordinate system is then given by 16) into (13) and (14), one obtains 3). Substituting (ll) , (12) , (15 and Again the total surface is given in two parts. For p 5 p i , the surface is a parabola as defined in Equation (1); while for p 2 p,, the surface is given by Equations (17) and (18) as a function of the parametric angle, 7. Note that for a given junction height ( p j ) and focal length (F), one can choose ae,be,x, and 7 , to satisfy various design constraints. In our application,
there are two design constraints. One is that the total size (height) of the reflector should not exceed a specified limit, and the other is that the minimum radius of curvature of the rolled edge should not be less than XJ4, where A, is the wavelength at the lowest frequency of operation. It can be shown that there is a infinite set of values ac,be, t , and ' y , which will satisfy these two constraints. One wants to select the combination which will lead to the minimum diffraction from the junction between the blended rolled edge and the parabola. One way to do so is the cut and try approach which can be very time consuming and expensive. An efficient method of selecting the rolled edge parameters is given below.
METHOD TO SELECT THE ROLLED EDGE PARAMETERS
Let the blending function be chosen such that its first n -1 derivatives are zero at the junction and its nth derivative is non-zero; i.e., . For an nth order blending function, it can be shown [7] that the radius of curvature of the surface and its first n - Figure 4 , and then chooses be and 2, to satisfy the two constraints, one will obtain a well designed rolled edge without going through the optimization process. As pointed out before, 7,,, can be chosen anywhere between 105" and 180". This approach is illustrated below for a 24 foot focal length reflector.
r .
Let us design a blended rolled edge for a 24 foot focal length reflector.
The rolled edge is to be added at a height of 15 feet ( p j = 15') and the were chosen to meet the two design constraints.
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Plots for various values of 7, are given. Note that for small values of a, (below its threshold value), the error term increases very slowly with an increase in a, and for all values of 7,,, the minimum value of the error term is approximately equal. Table 1 shows the rolled edge parameters corresponding to 7, = 120" in Figure 5 . Note that for all combinations of the rolled edge parameters, the total height of the reflector and R,h are approximately equal to the specified values. Figure 6 shows the junction diffracted fields for some combinations of the rolled edge parameters given in Table 1 . The diffracted fields are computed in front of the reflector at a t distance of 50 feet. The reflector is assumed to be lit by a magnetic line source located at the focal point of the reflector.
The frequency of operation is assumed to be 1 GHz. Corrected PO (9,101
.. was used to compute the total scattered fields of the reflector. To obtain the junction diffracted fields, the specularly reflected fields (GO term) were subtracted from the total scattered fields. Note that the magnitude of the junction diffracted fields decreases with a decrease in a,. However, for small values of a, (below threshold), the improvement is very marginal. Thus, if the rolled edge parameters are chosen corresponding to the values of a, which are smaller than its threshold value, one obtains a good set of rolled parameters and can avoid the optimization process.
An important point that should be mentioned here is that the optimum rolled edge parameters depend on the junction height. For example, Table   2 shows the rolled edge parameters when the junction height ( p i ) is varied.
All other parameters are the same as before. The height of the rolled edge is still limited to 5 feet. Note that be and z , varies with the junction height -.
and so does the error term (e:). Thus, if the junction height is changed one should obtain a new set of rolled edge parameters. Blended rolled edges for 3-dimensional reflectors are discussed next.
BLENDED ROLLED EDGES FOR 3-D REFLECTORS
Let a paraboloid of focal length F be defined in the (xyz) coordinate system as shown in Figure 7 . Let (z,,~, yovg, z,,~) be the center of the main reflector. Note that for a center-fed system, the center of the reflector coincides with the origin of -. 
Next a cylindrical coordinate system ( p ' q z ' ) with its origin coinciding with the origin of the (z'y'z') coordinate system can be defined, as shown in Figure 8 . Note that the transformation between the (x'y'z') and the (p'#z') coordinate system is given by
Let p i ( @ ) be the junction contour of the reflector in ( Next, a blended rolled edge for a concave rim reflector [7, 8] (see Appendix) is designed. The focal length of the reflector is 7.25 feet, and the reflector is offset in the y direction by 8.5 feet; i.e., zaVg = 0 and yavo = 8.5'.
The scattered fields of the reflector in the target area are also computed. Figure 10 shows the front view of the junction contour of the reflector. Note that the junction contour is concave in shape. Equations defining a concave rim reflector are given in the Appendix. The reflector is symmetric about the y a x i s and the target zone extends from -4' to 4 ' in the 2-direction and from 5.5' to 11.5' in the y-direction. Figure 11 shows the height of the junction in the rolled edge plane (p'z') versus 4'. Note that the junction height varies with qS and goes from a large positive value to a large negative value. However, the variation is quite smooth and reasonable. Thus, one can optimize the rolled edge parameters for a few points around the rim and then use interpolation for the rest. Figure 12 shows the total reflector surface obtained using this process. The rolled edge height is limited to 3.5 feet and the concavity parameters, T, (see Appendix), is also chosen to be 3.5 feet. The minimum frequency of operation is assumed to be 2 GHz.
DESIGN EXAMPLE
A cosine squared blending function [7] is used to blend the elliptical rolled It can be shown that the function is a fourth order blending function. Note that the total reflector surface is smooth and continuous. The whole reflector fits in a 15' x 13' rectangle and is symmetrical about the y-axis. Table   3 shows the rolled edge parameters for a few points along the junction con- For comparison, the GO field level is also shown in the figure. Note that in most of the target zone, the ripple in the scattered fields is less than 0.1 dB, which is excellent for even the most stringent applications. which is very good. Thus, the design procedure leads to blended rolled edges which cause very small junction diffracted fields in the target zone.
SUMMARY AND CONCLUSION
A method to obtain optimum rolled edge parameters for elliptical blended rolled edges was given. The method ensures that the total height of the reflector does not exceed the specified value and the minimum radius of curvature of the reflector meets the requirement at the lowest frequency of operation. The method also guarantees small diffracted fields.
A procedure to add blended rolled edges to arbitrary rim shaped 3-dimensional compact range reflectors was also given. The procedure is applicable to center-fed as well as offset-fed reflectors and leads to rolled edges with minimal surface discontinuities. Using the procedure, the whole reflector surface ran be defined analytically using simple expressions. It was demonstrated that the design procedure leads to reflector surfaces which have very small diffracted fields emanating from the junction between the paraboloid and the rolled edge surface.
1
I
For a concave rim re should be positive. Note that the parameter re controls the concavity. The concavity increases with an increase in re. It can be shown that if re is chosen to be equal to the height of the rolled edge, the zy projection of the main reflector source (including rolled edge), will extend from qeft -re to z,ight +re in the x direction and from ybttom -re to ytq + re in the y direction. If re = 0, one gets a rectangular rim. For re < 0, one obtains a convex rim (see Figure 15 ).
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